Acute respiratory distress syndrome is a well-known inflammatory disease associated with high rates of morbidity and mortality due to a lack of effective treatment methods. Carnosic acid (CA) is a phenolic diterpene compound that serves a central role in cytoprotective responses to inflammation. In the present study, the protective mechanism of CA on acute lung injury (ALI) induced by lipopolysaccharide (LPS) was investigated. Mice were randomly assigned to the following five groups: Control group, LPS group, and LPS plus CA groups (at 10, 20 and 40 mg/kg doses). Following pre-treatment with vehicle or CA,ALI was induced by the administration of LPS. At 6 h after LPS treatment, mice were sacrificed and lung tissues were harvested for histologic analysis and the determination of wet-to-dry ratio, myeloperoxidase activity and toll-like receptor 4 (TLR4) and NF-κB expression. Additionally, the levels of interleukin (IL)-1β, IL-6 and tumor necrosis factor-α (TNF-α) were determined in bronchoalveolar lavage fluid (BALF) and lung tissues, as well as the rate of apoptosis of the isolated neutrophils from BALF. The alleviation of LPS-induced ALI by CA was confirmed by histologic results and a reduction in the wet-to-dry ratio of lung tissues. Additionally, CA was revealed to significantly suppress the inhibitory effect of LPS on neutrophil apoptosis and the promoting effects of LPS on IL-1β, IL-6, TNF-α, TLR4 and NF-κB expression, and NF-κB phosphorylation. The current results indicated that CA protects against LPS-induced ALI via a mechanism that inhibits inflammation.
Introduction
Acute respiratory distress syndrome (ARDS) is a severe inflammatory disease of the lungs, characterized by hypoxemia that is caused by the severe impairment of gas exchange and lung mechanics as a result of acute lung injury (ALI) and edema (1) . With an increasing incidence of ~200,000 cases annually in the United States, ARDS has a high rate of mortality (30-50%) and is responsible for exorbitant health care expenditures (1) (2) (3) . While several factors are known to induce ARDS, including hyperoxia and hemorrhage, sepsis and pneumonia are the leading causes of the disease (2) . Although a variety of interventions and treatments have been developed for this inflammatory disorder, the mortality rate of ARDS remains higher than acceptable (4) . Therefore, there is an urgent need to develop an effective method or drug for treating ARDS.
Lipopolysaccharides (LPSs) located in the outer membrane of gram-negative bacteria have been reported to cause ARDS by increasing inflammatory cytokine production in lung tissue (5) . As an important component of the inflammatory system, neutrophils partially initiates inflammation in patients with ALI/ARDS and contributes to the development of ARDS-associated pulmonary edema (6) . After infiltrating the lungs and migrating into the airways, neutrophils secrete various pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β and IL-6, which disrupt endothelial and epithelial barriers (6) (7) (8) . It has been reported that the increased expression of proinflammatory cytokines can be ascribed to the NF-κB pathway (2) . Activation of the NF-κB pathway is dependent on the phosphorylation of NF-κB and its subsequent translocation to the nucleus, resulting in gene transcription (2, 9) . Proinflammatory signaling and resultant immune responses are triggered by toll-like receptors (TLRs), which are highly conserved pattern recognition receptors that recognize nonendogenous pathogen-associated molecular pattern molecules (1) . Ten functional TLRs have been identified in humans, and appear to be associated with ARDS (10) . TLR3 was revealed to participate in hyperoxia-induced ARDS and TLR2 was demonstrated to mediate hemorrhage-induced ARDS (11, 12) . TLR4 was also identified as a pivotal regulator capable of inducing ARDS in various murine models, including those induced by sepsis (12, 13) .
Recent reports have demonstrated that certain plant extracts help to protect against inflammation-associated diseases (14, 15) . For example, phytochemicals present in ginkgo biloba, sun ginseng and blackberries have been shown to have therapeutic potential for endotoxin-associated diseases (16) . Carnosic acid (CA) is a benzenediol abietane diterpene found in a variety of herbal plants including rosemary and sage (17) . It is an antioxidant that has multiple pharmacological effects, including anti-obesity, anti-inflammatory, anti-tumor and neuroprotective activities (18) (19) (20) (21) . CA has been revealed to protect against myocardial injury and inhibit colitis in vivo, potentially via anti-inflammatory activity (22) . However, to the best of our knowledge, no studies have investigated the effects of CA on ARDS.
In the present study, the effect of CA on LPS-induced ALI in mice was investigated. The impacts on lung injury and inflammation, as well as neutrophil infiltration and the generation of TNF-α, IL-1β and IL-6 were determined. The ability of CA to inhibit the NF-κB pathway, which is critically associated with neutrophil activation and inflammatory responses, was also assessed.
Materials and methods
Animals and treatments. Male BALB/c mice (age, ~8 weeks; weight, 21-25 g) were purchased from the Model Animal Research Center of Nanjing University and housed in a standard laboratory room maintained at 20-26˚C and 40-70% relative humidity, under a 12 h light/dark cycle. Mice also received free access to water and food.
Mice were randomly assigned to 5 groups (n=6/group). A group of mice was used as control, while mice the other 4 groups were used to establish an acute lung injury (ALI) model induced with LPS (Sigma-Aldrich; Merck KGaA). At ~12 h prior to receiving an intravenous (IV) injection of LPS (4 mg/kg), the mice were given CA at the following doses: 0, 10, 20 or 40 mg/kg. A total of 6 h later, the mice were sacrificed and samples of lung tissue were removed for testing. CA was purchased from Dalian Meilun Biotech Co., Ltd, dissolved in 0.5% v/v DMSO in saline and injected into mice intraperitoneally. Bronchoalveolar lavage fluid (BALF) was obtained for MPO analysis, and the left lungs were collected for histopathological examination, while the, right lungs were collected for wet-to-dry (W/D) analysis, western blotting and reverse transcription quantitative PCR (RT-qPCR) examinations. All animal experiments were performed at the Zhongda Hospital Southeast University (Nanjing, China), and all experimental protocols were approved by the Ethics Committee of the Zhongda Hospital Southeast University.
Bronchoalveolar lavage fluid and tissue sampling. Each mouse was anesthetized with 0.75% pentobarbital (35 mg/kg; IV) followed by decapitation. Animals were confirmed dead when no breathing or heart beat was detected. Following sacrifice, neck skin was dissected and the trachea was rapidly exposed. Next, a catheter was deeply inserted into the trachea and the lungs were lavaged 3 times with 1 ml of cold PBS solution. The BALF collected from each mouse was centrifuged at 420 x g for 15 min at 4˚C and the supernatant was stored at -80˚C until further use. Cell pellets were re-suspended in PBS for subsequent neutrophil purification. The lungs were cut into two parts, placed into individual centrifuge tubes, snap frozen in liquid nitrogen and stored at -80˚C. Lung tissue (~100 mg) were placed into centrifuge tubes and suspended in cool normal saline solution. Tissue samples were then homogenized with homogenate rods and centrifuged at 12,000 x g for 10 min at 4˚C to collect supernatant for myeloperoxidase (MPO), ELISA analysis and western blotting.
Neutrophil purification and apoptosis analysis. Neutrophils were isolated by discontinuous Percoll gradient centrifugation as previously described (23) . In brief, 2 ml of Percoll solution diluted with HBSS (1,090 mg/ml; Sigma-Aldrich; Merck KGaA) was added to a tube and another 2 ml of Percoll solution (1,080 mg/ml) was gently layered on top of the first solution. Resuspended cells were then gently layered onto the Percoll solution, and centrifuged at 960 x g for 15 min at 4˚C. The neutrophil layer located between the Percoll layers was collected into tubes containing PBS, which were then centrifuged at 420 x g for 5 min at 4˚C. The cells were subsequently resuspended in pre-cooled PBS and cells were fixed overnight at 4˚C in pre-cooled 70% ethanol. After washing twice with PBS, fixed cells were incubated with 5 µl Annexin V-FITC and 10 µl propidium iodide (PI; cat. no. AP101-30; Hangzhou Lianke Biology Technology Co., Ltd.) at 4˚C for 30 min in the dark and then analyzed for apoptosis using a BD FACSCalibur flow cytometer (BD Biosciences). Data were analyzed using FlowJo software (Version 7.6; FlowJo, LLC).
ELISA. ELISA kits (Biolegend, Inc.) were used to measure the levels of IL-1β (cat. no. 432601), IL-6 (cat. no. 431304) and TNF-α (cat. no. 430904) in BALF and lung tissue homogenates according to the manufacturer's protocols. Samples and standards were pipetted into a microplate pre-coated with capture antibodies (provided as part of the aforementioned ELISA kits) and incubated at room temperature for 2 h. After washing 3 times with 300 µl Wash Buffer, biotinylated detection antibodies (all provided as part of the aforementioned kits) were added and incubated for 1 hat room temperature, followed by incubation with avidin horseradish peroxidase (HRP) conjugate for 30 min. The immune reaction was visualized by the addition of 3,3',5,5'-Tetramethylbenzidine (Beyotime Institute of Biotechnology) substrate solution followed by incubation at room temperature in the dark for 15 min. Subsequently, the reaction was stopped by the addition of 1 M H 2 SO 4 and the optical density of each well was measured at 450 nm with a microplate reader (TECAN-GENious; Tecan Group, Ltd.).
Lung myeloperoxidase activity determination. MPO activity in lung homogenates was determined using a MPO assay kit according to the manufacturer's protocol (cat. no. A044-1-1; Nanjing Jiancheng Bioengineering Institute). The homogenates were subsequently centrifuged at 5,000 x g for 10 min at 4˚C and the supernatants were collected and used to calculate MPO activity based on the maximal absorbance at 532 nm. The homogenates were mixed with reagent II, followed by the addition of reagent IV and a chromogenic agent, and left to react for 10 min at 60˚C. MPO activity was calculated based on the maximal absorbance at 532 nm and activity was normalized to the total protein concentration of the same sample, which was determined using a bicinchoninic acid assay (cat. no. 23225; Pierce; Thermo Fisher Scientific, Inc.).
Lung wet-to-dry weight (W/D) ratio. To evaluate lung edema, mice were euthanized and the right lungs were collected, weighed and placed in an oven at 70˚C for 48 h. Dried tissues were then weighed to calculate the W/D ratio.
Histopathological and immunohistochemical examinations. The left lungs of mice were fixed in 10% buffered formalin for 24 h at room temperature. A small section of fixed lung tissue was cut with a surgical blade, dehydrated in a series of graded ethanol solutions (30, 60, 80, 95 and 100%), cleared with xylene and embedded inparaffin. Embedded tissue was subsequently cut into 5 µm sections, which were deparaffinized with xyleneand rehydrated in a descending gradient of ethanol concentrations (100, 95, 80, 60 and 30%). Some sections were stained with hematoxylin and eosinat room temperature for 15 min and observed under a light microscope (magnification, x400), while other sections were used for immunohistochemical examinations of TLR4 and NF-κB expression. Endogenous tissue peroxidase was inactivated by incubation with 0.5% H 2 O 2 for 5 min at room temperature, and antigen retrieval was performed by boilingtissue in citrate buffer (pH 6.0) for 10 min. Tissue sections were then blocked with 1% BSA (Beijing Solarbio Science & Technology Co., Ltd.) for 30 min at room temperature and then incubated for 1 h at room temperature with primary antibodies against TLR4 (cat. no. sc-293072; 1:200; Santa CruzBiotechnology, Inc.) and NF-κB (cat. no. sc-514451; 1:200; Santa Cruz Biotechnology, Inc.). Sections were then incubated for 20 min at room temperature with HRP-conjugated secondary antibodies (cat. no. IH-0031; 1:5,000; Beijing Dingguo Changsheng Biotechnology Co., Ltd.). Color was developed with a diaminobenzidine kit (cat. no. JD091-1G; Beijing Dingguo Changsheng Biotechnology Co., Ltd.), followed by counterstaining with hematoxylin for 2 min at room temperature.
Reverse transcription quantitative PCR. Total RNA was extracted from the collected mouse lung tissues using TRIzol reagent (Takara Biotechnology Co., Ltd.) and 3 µg of total RNA was reverse transcribed into cDNA using a Bestar™qPCR RT kit (cat. no. DBI-2220; DBI Bioscience) according to the manufacturer's protocol. qPCR was performed using Bestar™ SYBRGreen qPCR MasterMix (cat. no. DBI-2044; DBI Bioscience) in an ABI 7500 RT-PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermo cycling conditions were as follows: Denaturation at 95˚C for 10 min, followed by 40 cycles of 94˚C for 20 sec, 58˚C for 20 sec and 72˚C for 20 sec. The primers used were as follows: TLR4 forward, 5'-CCA TTG CTT GGC GAA TGT TT-3' and reverse, 5'-TGT CTC AGG CTG TTT GTT CC-3'; NF-κB forward, 5'-AGA GCA ACC AAA ACA GAG GG-3' and reverse, 5'-TGC AAA TTT TGA CCT GTG GG-3'; β-actin forward, 5'-CAT TGC TGA CAG GAT GCA GA-3' and reverse, 5'-CTG CTG GAA GGT GGA CAG TGA-3'. The levels of target mRNA were analyzed using the 2 -ΔΔCq method (24) and normalized using β-actin as a control. Each test was repeated three times.
Western blot analysis. Collected lung tissues were lysed with RIPA buffer (Beyotime Institute of Biotechnology) supplemented with a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA). The protein concentrations in the lysates were determined using a BCA kit (cat. 23225; Pierce; Thermo Fisher Scientific, Inc.). Equal quantities of protein (20 µg) from the lysates were separated using SDS-PAGE (10% gel) and the separated protein bands were transferred onto polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc.), which were subsequently blocked with 5% non-fat dry milk in TBST (Tris-buffered saline with 0.1% Tween-20) at room temperature for 1 h. The membranes were then washed and incubated overnight at 4˚C with primary antibodies against TLR4 (cat. no. sc-52962; 1:1,000; Santa Cruz Biotechnology, Inc.), NF-κB (cat. no. sc-514451; 1:200; Santa Cruz Biotechnology, Inc.), p-NF-κB (cat. no. sc-135768; 1:1,000; Santa Cruz Biotechnology, Inc.) and GAPDH (cat. no. ab8245; 1:2,000; Abcam). The antibody against NF-κB or p-NF-κB recognized the p65 or p-p65 subunit, respectively. Membranes were subsequently washed with TBST and then incubated with HRP-conjugated secondary antibodies at 37˚C for 1 h (cat. no. BA1050; 1:5,000; Boster Biological Technology). Immunostained protein bands were visualized with a chemiluminescent substrate (ECL-Plus; GE Healthcare). The assay was repeated three times. Semi-quantitative analysis was performed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).
Statistical analysis. Data are expressed as the mean ± standard deviation. One-way ANOVA and a two-tailed Student's t-test were used to compare the differences in parameters between experimental groups. All statistical analyses were performed using IBM SPSS Statistics for Windows, version 21.0 (IBM Corp.) and P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of CA on LPS-induced ALI.
To observe the effect of CA on lung injuries caused by LPS, the lungs were collected 6 h after LPS treatment and subjected to a histologic examination. As presented in Fig. 1A , lungs in the control group exhibited no signs of hemorrhage or edema and little evidence of inflammatory cell infiltration. In contrast, LPS treatment alone induced hemorrhage and pathologic alterations typically associated with ALI, including hemorrhage, accumulation of inflammatory cells in the alveolar space, alveolar wall thickening and edema of the lung interstitium and alveoli, as indicated with black arrows (Fig. 1A) . Consistent with the afore mentioned histopathological observations, the W/D ratio was significantly increased after LPS treatment (Fig. 1B) . However, the increase induced by LPS was significantly inhibited by CA treatment at 20 and 40 mg/kg, indicating that CA protected the lungs from injuries induced by LPS.
Effect of CA on neutrophil apoptosis in LPS-induced ALI.
Neutrophils are an important contributor to ARDS (25) . To compare the viability of neutrophils, cell apoptosis was determined via flow cytometry. As presented in Fig. 2 , LPS treatment significantly decreased cell apoptosis compared with the control. In mice that received CA at doses of 20 and 40 mg/kg, apoptosis was significantly increased compared with that of the LPS group. Additionally, the rate of apoptosis in the CA-treated groups increased with higher doses and gradually approached the rate of apoptosis observed in the control group. At 40 mg/kg, there was no statistical difference from the control group. These results indicated that CA treatment significantly inhibited the suppression of neutrophil apoptosis by LPS.
Effect of CA on MPO activity and IL-1β, IL-6 and TNF-α levels. In the present study, MPO activity was used as an indicator of neutrophil infiltration. As presented in Fig. 3A , significantly increased MPO activity was observed in the LPS group, when compared with MPO activity in the control group. Pretreatment with CA significantly reduced MPO activity in LPS-challenged lungs in a dose-dependent manner.
These results indicated that LPS induced the infiltration of neutrophils into lung tissue and that the effect was significantly inhibited by CA treatment.
After confirming neutrophil infiltration, the levels of IL-1β, IL-6 and TNF-α were determined to investigate the effect of CA on LPS-induced inflammation. As presentedin Fig. 3B , the levels of IL-1β, IL-6 and TNF-α in the BALF and lung tissues of the LPS group were significantly increased compared with those in the control group. Pretreatment with CA significantly reduced IL-1β, IL-6 and TNF-α levels in LPS-challenged lungs in a dose-dependent manner. These results indicated that LPS induced inflammation in the lungs and that this inflammation could be significantly inhibited by CA treatment.
Effects of CA on TLR4 and NF-κB expression. TLR4 and NF-κB serve critical roles in LPS-induced inflammation (26) . In the present study, the expression of these inflammatory mediators were examined to investigate the mechanism by which CA inhibited LPS-induced inflammation. As presented in Fig. 4A and B , the levels of TLR4 and NF-κB mRNA and protein expressions in the LPS-treated group were significantly increased compared with the levels in the control group. However, the ability of LPS to promote the expression of TLR4 and NF-κB mRNA, and protein was significantly inhibited by pretreatment with CA. Additionally, it was observed that the phosphorylation level of NF-κB was significantly increased by LPS treatment and that this increase was inhibited by CA pretreatment in a dose-dependent manner (Fig. 4B) . Subsequently, immunohistochemistry was used to examine the expression of TLR4 and NF-κB in lung tissue. As presented in Fig. 4C , lung tissue from the control mice displayed very little positive staining for TLR4 and p65. After LPS treatment, the levels of TLR4 and p65 expression were significantly increased in the lung tissue epithelial cells. The LPS-induced increases in TLR4 and p65 were not significantly inhibited by pretreatment with CA.
Discussion
Inflammation has been traditionally considered to be an important defense response induced by an infection or injury (27) . However, inflammation can induce severe damage to various organs, including kidney (28) , liver (29) and lungs (30) . The use of drugs derived from plants, such as CA from Salvia officinalis, has been revealed to be beneficial in reversing inflammation-induced tissue injuries (17) . In the present study, the effect of CA on LPS-induced inflammation and ALI was investigated in a mouse model of lung injury induced by LPS. This model is commonly used to determine the effectiveness of anti-inflammatory agents (31) . The results of the present study demonstrated that CA significantly attenuated LPS-induced inflammation and injuries in lungs.
CA is a major bioactive component of rosemary extracts. The extensive use of rosemary extracts in medicines has verified the strong pharmaceutical activity of CA (23, 32, 33) . Recent studies identified the tissue-protective role of CA in several types of organ injury, including Parkinson's disease, colitis and acute myocardial injury (22, 32, 33) . The protective effect of CA is mainly ascribed to its anti-inflammatory and anti-oxidation properties (34) . It has been revealed that CA treatment can inhibit the infiltration of inflammatory cells, including macrophages and neutrophils (33, 35) . Consistent with that report, the decreased infiltration of inflammatory cells was observed in the present study and this was further supported by reduced levels of MPO activity, a neutrophil marker. The initiation and development of ARDS can be attributed to inflammatory cells, such as macrophages and neutrophils (36) . In response to LPS exposure, alveolar macro- (36) . In response to LPS exposure, alveolar macro- (36) . In response to LPS exposure, alveolar macrophages become activated and subsequently induce neutrophil infiltration (36) . Infiltrated inflammatory cells produce large quantities of reactive oxygen species (ROS) that exacerbate inflammatory responses and significantly contribute to ALI (37) . CA exerts an antioxidant effect by scavenging ROS and promoting the generation of secondary anti-oxidants (34) . Neutrophils participate in ALI largely due to their production of proinflammatory cytokines, including TNF-α, that delay apoptosis (38) . Neutrophils normally serve an important role in body defense; however, the long-term survival of neutrophils at inflammatory sites can aggravate tissue damage (39) . During an inflammatory response, neutrophil clearance, achieved via efficient apoptosis, is the primary mechanism that limits lung injuries and promotes the dissipation of inflammation (40) . A previous study has shown that delayed neutrophil apoptosis, prolonged neutrophil survival times and the continuous release of cytotoxic factors (including oxygen free radicals) by neutrophils into lung tissue result in lung injuries (41) . The results of the present study demonstrated that injection of LPS caused significant lung injuries in rats and this significantly reduced the apoptosis of neutrophils in BALF, indicating that the delayed apoptosis of neutrophils contributed to lung injury in the rats and could potentially be alleviated by increasing the apoptosis rate of neutrophils. In addition to inhibiting inflammatory cell infiltration, the anti-inflammatory activity of CA may also be due to an increase in apoptosis in LPS-treated neutrophils, which may contribute to the CA protection of LPS-induced ALI.
The anti-inflammatory activity of CA can be attributed to its ability to inhibit the production of proinflammatory cytokines, which are increased during the early stages of ALI and are crucial for its occurrence and progression (42) . A previous study demonstrated that CA inhibited the production of TNF-α in a macrophage cell line, RAW 264.7, stimulated with LPS (43). In addition, increasing evidence indicates that CA markedly inhibits the LPS-induced production of TNF-a, IL-1β and IL-6 in vitro (43, 44) . In a previous study, CA was determined to inhibit the increased production of TNF-α and IL-6 in rats with LPS-induced liver injuries and inhibit IL-1β, IL-17A and IFN-γ production in a rat model of colitis induced by dextran sulfate sodium (17) . In the present study, it was determined that CA treatment significantly inhibited the LPS-induced increases of TNF-a, IL-6 and IL-1β levels. These cytokinesare secreted by the endothelium, epithelium and alveolar macrophages in response to an initial inflammatory insult (36) . The current results indicated that CA inhibited the further exacerbation of endothelial and epithelial injuries induced by LPS, and thereby dampened the inflammatory process in ALI.
Several recent studies have demonstrated that the NF-κB pathway serves a critical role in ALI (45) (46) (47) . In the present study, after LPS treatment, NF-κB is activated by TLR4, leading to increases in the production of TNF-α, IL-1β and IL-6. These cytokines activate NF-κB to initiate a cycle that broadens the original immune response (42) . It has been revealed that CA inhibits NF-κB activation and the downstream signaling process, leading to reduced levels of TNF-α, IL-1β and IL-6 (48). Furthermore, CA has also been demonstrated to block signaling pathways upstream of NF-κB, including the Syk/Src, PI3K and Akt pathways (45) . Consistent with a previous study (49) , the results of the current study indicated that NF-κB activation was markedly increased in LPS-induced lung injury. Although upstream signaling was not investigated in the present study, the results indicated that Syk/Src pathway inhibition may be involved in mediating the protective effect of CA, as Syk has been demonstrated to be a direct enzymatic target of CA (45) . The present study also revealed that TLR4 expression was significantly increased in LPS-injured lung tissue, which was significantly inhibited after treatment with CA, indicating that the inflammatory response is limited by inhibiting the upstream targets of TLR4. Consistent with the current results, a previous study reported that CA exerted an inhibitory effect on the expression and phosphorylation of NF-κB, as well as on the expression of TLR4 in various inflammatory disorders, including diabetes (50) . Another study reported that CA induced cytotoxicity in breast cancer cells (51) . In the current study, no toxic effects of CA were detected and no mortality occurred in all CA-treatment groups were equal. However, further studies are required to determine whether repeated long-term administration of CA produces toxic effects.
In summary, the current results indicated that CA alleviated the injury of ALI by regulating immune responses and this regulation may result from the ability of CA to inhibit the expression of TLR4 and the phosphorylation of NF-κB. These results strongly indicated that CA may be a promising agent for the treatment of ARDS.
